Substitution of threonine or serine for the evolutionary conserved intramembrane proline P 347 of the Bacillus subtilis multidrug transporter Bmr significantly increases the toxin-effluxing activity of Bmr without affecting its abundance in the cell. In cocultivation experiments, we demonstrate that although the mutant T 347 Bmr is advantageous to cells growing in the presence of a toxin, the wild-type P 347 Bmr is advantageous under the conditions of nutritional limitation. This may explain why Bmr has evolved the way it did, that is, with proline at position 347. These observations provide a basis for speculating that the evolution of Bmr has been determined by its presently unidentified natural function rather than by its ability to expel diverse toxins from the cell.
Bacteria, like eukaryotes, express multiple membrane transport proteins with unusually low substrate specificity, so-called multidrug transporters. These proteins, although not significantly different from their substrate-specific homologs, recognize, by an unknown mechanism, structurally diverse toxic compounds and pump them out of cells, thus protecting cells from the action of toxins (reviewed in references 7 and 8). It is not clear whether the efflux of diverse toxins is the primary physiological function of multidrug transporters or, alternatively, is merely a fortuitous side effect of the unrecognized, more specific functions of these proteins, which may involve the transport of specific cellular molecules (5) .
The subject of this study, the multidrug transporter Bmr of Bacillus subtilis, promotes the efflux of dissimilar drugs in exchange for external hydrogen ions (6) . On the basis of sequence homology, Bmr belongs to the evolutionary group of toxin-extruding antiporter proteins with 12 transmembrane domains (8, 9) . In addition to Bmr, this group includes closely related bacterial multidrug transporters such as Blt of B. subtilis and NorA of Staphylococcus aureus, substrate-specific bacterial transporters such as tetracycline efflux transporters of various bacteria, mammalian monoamine transporters, whose undisputed function is to transport neurotransmitter molecules but which are capable of interacting with a variety of toxins (9) , and a large number of uncharacterized eukaryotic and prokaryotic transporters revealed in the course of genome sequencing projects (8) . These transporters share several conserved sequence motifs that are presumed to be essential for their function (8) .
Here we demonstrate that the substitution of threonine or serine for the highly conserved proline residue (P 347 ) located in the middle of transmembrane domain XI of Bmr increases the toxin-effluxing activity of this transporter instead of destroying its function, as could be expected. These results prompted us to question whether the efflux of toxins has been the determining factor in the evolution of Bmr.
MATERIALS AND METHODS
Bacterial strains. B. subtilis BD170 (thr-5 trpC2) was obtained from the Bacillus Genetics Stock Center, Ohio State University. Strain BD170-VB, which contains the bmr gene under the control of the P vegII promoter, the bmrR gene disrupted by the chloramphenicol resistance genetic determinant (cat), and the blt gene disrupted by the erythromycin resistance genetic determinant (emr), is described in reference 4. The same reference describes its derivative BD170-VB(V 143 ), which contains the bmr gene modified to encode the Bmr transporter with the F143V substitution. Strains BD170/bmr::cat, blt::emr, and BD170/blt:: emr are described in reference 2. Transformation-competent Escherichia coli JM109 was from Promega. Luria-Bertani (LB) medium was used for cultivating all strains.
Construction of plasmids. DNA coding for TetC (tetracycline-specific efflux transporter of class C) was obtained by PCR using plasmid pBR322 (Sigma) as a template. Substitution of threonine or serine for P 352 was performed by PCRbased site-directed mutagenesis and verified by direct sequencing of the entire gene. PCR fragments containing either the wild-type or mutated promoterless tetC gene were cloned between the KpnI and EcoRI sites of the plasmid pBluescript SKϩ (Stratagene).
Mutagenesis of B. subtilis. B. subtilis BD170-VB or its mutant variant carrying the F143V substitution in Bmr was mutagenized by ethyl methanesulfonate (Sigma) as previously described (4) and selected on LB plates containing either 10 g of ethidium bromide and 1 g of reserpine per ml or 15 g of ethidium bromide per ml, respectively.
The P347S substitution in strain BD170-VB was created by using site-directed mutagenesis according to the technique described in reference 4. For substituting threonine for P 347 in strain BD170, a PCR product containing the mutation and encompassing the entire bmr and bmrR genes was generated and used to transform the BD170/bmr::cat strain. Clones selected on an LB plate containing 3 g of ethidium bromide per ml were analyzed further for the loss of resistance to chloramphenicol. All substitutions were confirmed by direct local sequencing (ca. 150 bp) with the fmol PCR-based sequencing system (Promega). Several clones obtained for each substitution demonstrated indistinguishable drug resistance characteristics, thus demonstrating that the observed effects were due to the substitution itself rather than to additional mutations that potentially could occur in the PCR products used for the mutagenesis.
FLAG modification of Bmr and immunoblotting. We generated PCR products which encompassed the entire 5-kb bmr locus of strain BD170-VB (with P vegII promoter upstream of bmr and cat inserted into the bmrR gene) or of its Bmr mutants. In addition, a DNA fragment encoding FLAG epitope (DYKDDDDK) was inserted in frame immediately upstream of the last three triplets of the bmr gene in these PCR products. These products were used to transform strain BD170/blt::erm. Clones were selected for chloramphenicol resistance (5 g/ml) and either tetraphenylphosphonium resistance (50 g/ml, for the F143V mutant) or ethidium bromide resistance (10 g/ml, for all other variants). The transfer of the mutations and the FLAG epitope-encoding DNA was confirmed by sequencing.
Cells were grown to an optical density at 600 nm (OD 600 ) of 0.5, collected by centrifugation, resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer containing 6 M urea, and loaded on two sodium dodecyl sulfate-12% polyacrylamide gels. One gel was stained with Coomassie blue; another gel was analyzed by immunoblotting after the transfer of proteins to nitrocellulose. Immunodetection of FLAG-containing proteins was accomplished by using a monoclonal anti-FLAG M2 antibody (Kodak) at a 1:1,000 dilution and horseradish peroxidase-conjugated goat anti-mouse antibody (Sigma) at a 1:1,000 dilution. To reduce background, 5% dry fat-free milk in phosphate-buffered saline was used in all incubations. Peroxidase activity was detected by the ECL (enhanced chemiluminescence) Western blotting detection system (Amersham).
Determination of bacterial sensitivity to drugs. Cells at a logarithmic stage of growth (OD 600 of 0.4 to 0.8) were diluted to an OD 600 of 0.005 in LB medium. Drugs at 10 different concentrations were added to 1-ml aliquots of cell suspension. After incubation in a 37°C shaker for 4 to 5 h, at which point the control culture without added drugs reached OD 600 of approximately 1.0, the optical densities of all the cultures were measured. The IC 50 s (50% inhibitory concentrations) were determined from the obtained OD 600 -drug concentration graphs.
Cocultivation experiments. Strains BD170 and the P347T Bmr variant of BD170 were grown separately in LB medium to OD 600 of 0.4 to 0.6, diluted to an OD 600 of 0.20 in LB medium, and mixed to obtain a 1:1 ratio. Five microliters of this mixture was added to 5 ml of each of following media: LB, 1% tryptone medium (1% Difco tryptone, 1% NaCl, 50 g of threonine per ml, 50 g of tryptophan per ml), and 0.1% tryptone medium (0.1% Difco tryptone, 1% NaCl, 50 g of threonine per ml, 50 g of tryptophan per ml) with or without addition of ethidium bromide (0.2 g/ml) or reserpine (5 g/ml). Every 12 h, 5 l of each culture was transferred to 5 ml of the corresponding fresh medium. After 10 such transfers, total DNA from each culture was isolated, and a PCR product encompassing the bmr gene was sequenced.
RESULTS

Selection of the P347T and P347S Bmr mutations.
Recently we described a procedure for selecting mutant variants of Bmr with reduced sensitivity to its inhibitor, the plant alkaloid reserpine (4). This procedure uses a specially created B. subtilis strain, BD170-VB, which overexpresses Bmr due to the presence of a strong promoter P vegII inserted immediately upstream of the chromosomal bmr gene instead of the natural bmr promoter. Additionally, the gene of the bmr transcriptional regulator BmrR (1) and the gene of the second B. subtilis multidrug transporter Blt (2) are disrupted in this strain. To obtain mutant Bmr variants, BD170-VB cells are mutagenized with ethyl methanesulfonate and selected on plates containing a toxic Bmr substrate, e.g., ethidium bromide, in the presence of reserpine. The absolute majority of the obtained clones contained amino acid substitutions of Bmr residue F 143 , V 286 , or F 306 , which led to a dramatic loss of reserpine sensitivity of Bmr (4) .
One of the obtained clones, which has not been described previously, was unusual in that it demonstrated approximately a twofold increase in the level of resistance to dissimilar Bmr substrates, i.e., ethidium, norfloxacin, and acriflavine (Table 1) , without significant changes in the sensitivity of Bmr to inhibition by reserpine (not shown). Apparently, the increase in the level of ethidium resistance was sufficient for this clone to survive on a plate containing ethidium and reserpine. Sequencing of the entire bmr gene in this clone revealed a single mutation at the DNA level leading to the substitution of threonine for the Bmr residue P 347 (proline-encoding triplet CCT changed to ACT).
Another substitution of P 347 was subsequently selected in a different experiment. BD170-VB cells expressing the F143V mutant variant of Bmr, which provides very little resistance to ethidium, norfloxacin, and acriflavine (4), were mutagenized and selected for compensatory mutations restoring the ability of the transporter to protect cells from ethidium toxicity. As the F143V substitution had been artificially created by changing two nucleotides within the F 143 codon, the direct reversal to the wild-type sequence was nearly impossible. Three of the obtained clones contained the P347S substitution (CCT3TCT) in addition to the F143V mutation. As Table 1 demonstrates, cells expressing the F143V P347S variant of Bmr displayed approximately three-to five-times-higher levels of resistance to ethidium, norfloxacin, or acriflavine than the cells expressing the F143V variant of Bmr. Transfer of the P347S Bmr mutation alone into the BD170-VB cells resulted in a strain indistinguishable in its properties from the strain carrying the P347T mutation of Bmr; that is, either substitution of P 347 caused approximately a twofold increase in the bacterial resistance to toxic Bmr substrates.
The P347T and P347S substitutions increase the drug transport activity of Bmr. The stimulatory effect of the P347T or P347S substitution on Bmr-mediated drug resistance can be explained either by the increase in the amount of the Bmr protein in the cell (e.g., due to its increased half-life) or by the increase in its activity. To discern between these possibilities, we genetically modified the cytoplasmically located hydrophilic C termini of the wild-type and mutant Bmr transporters, expressed by the BD170-VB cells. The C termini of the modified transporters contained the FLAG epitope recognizable by the M2 monoclonal antibody (3). The FLAG-modified Bmr variants did not differ from the corresponding unmodified Bmr variants in the ability to provide drug resistance (data not shown). Figure 1 demonstrates the results of immunoblotting of the FLAG-modified Bmr variants with M2 monoclonal antibody. No significant effects of either the P347T or P347S substitution on the amounts of Bmr in the cell could be detected (Fig. 1) . This result strongly suggested that the obtained substitutions of P 347 stimulate the Bmr-mediated drug resistance by increasing the transport activity of Bmr rather than its amount in the cell.
To verify that these substitutions do indeed increase the drug transport activity of Bmr, we determined the rates of ethidium bromide efflux from BD170-VB cells expressing different FLAG-modified variants of Bmr. Cells were loaded with ethidium in the presence of the Bmr inhibitor reserpine and then resuspended in a drug-free medium. The release of ethidium from the cells was detected by monitoring the decline of ethidium fluorescence in the cell suspension (the fluorescence of ethidium released from the cells and no longer associated with nucleic acids or proteins diminishes dramatically). Figure 2 demonstrates that the P347T substitution significantly stimulates the efflux of ethidium. The cells expressing the F143V variant of Bmr effluxed ethidium much more slowly than the cells expressing wild-type Bmr, which correlated with their lower resistance. However, the additional P347S substitution significantly increased the ethidium efflux rate (Fig. 2) . Why has P 347 been selected in the course of Bmr evolution? The finding that either the P347T or P347S substitution in Bmr makes it a more efficient multidrug transporter appears paradoxical from the evolutionary standpoint. Indeed, what is the reason for proline to be present at position 347 of Bmr if threonine or serine at this position apparently would make the transporter more effective?
In model evolution experiments, we demonstrated that the variant of Bmr with threonine at position 347 does indeed have a fitness advantage over the wild-type transporter if the presence of toxins becomes a significant factor in the environment of B. subtilis. A strain of B. subtilis which differed from the wild-type strain BD170 only by the P347T substitution in Bmr was constructed for these experiments. As expected, the T 347 strain demonstrated approximately a two-to three-fold-higher resistance to drug substrates of Bmr than the wild-type P 347 strain ( Table 2) .
The logarithmically growing P 347 and T 347 cells were mixed at a ratio of 1:1 and cocultivated for approximately 100 generations. The ratio of the wild-type and mutant bmr sequences in the DNA prepared from the resulting bacterial population was then determined. This ratio remained unchanged if the cocultivation was performed in a relatively rich medium, either LB (not shown) or a medium containing 1% tryptone and 1% NaCl (Fig. 3A, lane 2) . However, the mutant T 347 cells completely dominated (Fig. 3A, lane 3) if the cocultivation was performed in the presence of as little as 0.2 g of the toxic Bmr substrate ethidium bromide per ml (5% of the MIC of ethidium for the wild-type cells).
Since normally Bmr contains P 347 , one would assume that under certain environmental conditions this variant should have fitness advantage over the T 347 variant. In fact, we found this to be the case in conditions of a limited supply of nutrients. In a poor medium (0.1% tryptone, 1% NaCl), the wild-type P 347 cells repeatedly outgrew the mutant T 347 cells (Fig. 3A,  lane 4, and Fig. 3B, lane 2) . Importantly, selection of the wild-type P 347 variant over the mutant T 347 variant depended on the function of Bmr. If cocultivation in a poor medium was performed in the presence of the Bmr transport inhibitor reserpine, neither of the strains gained selective advantage (Fig.  3B, lane 3) .
The P 352 substitutions in TetC equivalent to the P 347 substitutions in Bmr. Proline at position 347 of Bmr is highly conserved among its homologs and is included into the conserved motif G (GXXXGP) in the middle of transmembrane domain XI (8) . One of these homologs is TetC, which is encoded by the E. coli plasmid pBR322. We genetically substituted either threonine or serine for P 352 of TetC, which is equivalent to P 347 of Bmr. The promoterless wild-type and the mutated tetC genes were then recloned into the pBluescript plasmid vector under the control of the lac promoter. As expected, the E. coli cells harboring the plasmid containing the wild-type tetC demonstrated resistance to tetracycline, which was dependent on the presence of isopropyl-1-␤-D-galactoside (IPTG), the inducer of the lac promoter (tetracycline IC 50 s ϭ 7.5 and 50 g/ml in the absence and presence of IPTG, respectively). In contrast, cells harboring the empty vector, or vector carrying either the P352T or P352S mutant tetC, showed no tetracycline resistance (IC 50 ϭ 1 g/ml regardless of the presence of IPTG). This result demonstrates that at least some transporters similar to Bmr require the presence of proline in the middle of transmembrane domain XI to be functional. It also underscores the unusual character of our finding that a substitution of this conserved proline in Bmr leads to an increase in its toxin-effluxing activity.
DISCUSSION
Our results demonstrate that the P347T or P347S substitution in the Bmr molecule makes it a more potent multidrug transporter. The similar properties of the T 347 and S 347 Bmr variants are not surprising considering the structural similarity of threonine and serine. The observed increase in the transporter activity, although easily detectable in both drug resistance and ethidium efflux experiments, is not particularly strong: approximately two-to threefold if the substitution occurs in the wild-type Bmr and three-to fivefold if it occurs in the transporter weakened by the F143V mutation. Experiments with the FLAG-modified Bmr variants indicate that this increase in Bmr activity results not from the increase in the abundance of Bmr but, most likely, from the increase in the activity of each individual transporter molecule.
Although the effect of the P 347 substitutions is relatively modest, we were able to find only one publication describing a similar finding: a twofold increase in the transport affinity of lactose permease as a result of the S67A substitution (12) . It is additionally unusual that a substitution improving transporter function affects an intramembrane proline residue. Prolines in transmembrane domains of membrane proteins are thought to be of particular importance since they induce kinks in the transmembrane ␣-helices and provide the basis for conformational transitions due to cis-trans isomerization (15) . Unlike the substitution described here, the previously described substitutions of intramembrane prolines were either detrimental to the function of membrane proteins or, at best, neutral (10, 11, 14, 15) .
The evolutionary aspect of the finding described here is the most paradoxical. Indeed, why would evolution have preserved a residue which makes a transporter somewhat less efficient than it can potentially be? As our model evolution experiments demonstrate, the presence of threonine, instead of proline, at position 347 of Bmr would have benefited bacteria growing in the presence of toxic Bmr substrates, even if the toxins were present in the bacterial environment at a relatively small concentration. Other results of these model experiments explain, however, why Bmr has evolved the way it did, that is, with proline being present at position 347. Under the conditions of nutritional limitation, which are likely to be common for B. subtilis in nature, the P 347 variant of Bmr is superior to the T 347 variant. Evidently, in the course of the evolution of Bmr, this selective pressure has outweighed the selective pressure imposed by environmental toxins. One mechanistic explanation of this result postulates that due to its low specificity, Bmr promotes the efflux of not only toxins but also of some natural cellular molecules. If the transporter is too active, this may become detrimental for the cells experiencing nutritional limitation. In other words, according to this hypothesis, the role of proline at position 347 of Bmr is to limit the activity of the transporter and prevent it from becoming damaging to the cell.
This hypothesis can hardly explain, however, another our finding. Since P 347 is conserved in evolution, this proline residue should be expected to play a similar activity-limiting role in homologous transporters. Contrary to this prediction, we found that in at least one of the Bmr homologs, the tetracycline transporter TetC, the proline corresponding to P 347 of Bmr (P 352 ) is absolutely required for the transporter function. To account for this observation, we would like to propose an alternative explanation for the results presented here. This alternative hypothesis postulates that similar to TetC, which requires proline at position 352 to be functional, Bmr requires proline at position 347 to perform its natural, presently unidentified specific transport function, which aids cells experiencing nutritional limitation. The Bmr-mediated efflux of toxins, according to this hypothesis, is merely a fortuitous side effect of the true function of Bmr and therefore has never been a determining factor in the evolution of this transporter. This hypothesis explains all of the results presented here and is in agreement with recent findings that the mammalian multidrug transporter P-glycoprotein may have evolved to transport cellular phospholipids (13) and that the Bmr homolog, multidrug transporter Blt of B. subtilis, may have evolved to promote the outward transport of spermidine (16) . We fully realize, however, that this hypothesis will remain purely speculative until the hypothetical specific natural function of Bmr is identified.
